Molecular simulations of thermodynamic properties: from argon to long-chain paraffins by Smit, B.
4166 Ind. Eng. Chem. Res. 1995,34, 4166-4169 
Molecular Simulations of Thermodynamic Properties: From Argon 
to Long-chain Paraffins? 
Berend Smit$ 
Shell Research B.V., KoninklGke Ishell-Laboratorium, Amsterdam, P.O. Box 38000, 
1030 BN Amsterdam, The Netherlands 
Recent progress in the simulation of complex fluids is discussed. It is shown that the use of 
recently developed Monte Carlo techniques allows the simulation of systems that several years 
ago were considered impossible to study via molecular simulations only. This development is 
important as it is now possible to apply simulation techniques that used to be limited to systems 
containing small molecules to systems which are of importance for petrochemical applications. 
In this short paper, this development is illustrated by two examples of practical importance: 
the adsorption of alkanes in zeolites and the phase behavior of long-chain alkanes. 
I. Introduction 
Most applications of molecular simulations that uti- 
lize molecular dynamics or the Monte Carlo technique 
are to systems containing atoms or small molecules. The 
reason for this is not only that ample experimental data 
exist for these “ideal” systems but also because the 
available simulation techniques are very efficient for 
such systems. For example, a molecular dynamics 
simulation of, say, a hundred methane molecules for 
several picoseconds is sufficient to determine most of 
the thermodynamic and transport properties reliably. 
This is in sharp contrast to  a simulation of a protein or 
of a polymer which may take more than several nano- 
seconds solely to equilibrate. 
From an industrial point of view, most applications 
of interest involve complex molecules. In the petro- 
chemical industry long-chain alkanes are of particular 
interest. For this type of molecule the conventional 
techniques are not sufficiently efficient. Before molec- 
ular simulations can be used routinely for such systems, 
novel techniques that permit novel efficient simulations 
of these complex molecules are required. 
In this short review, some recently developed Monte 
Carlo techniques are discussed. The methods have been 
developed to perform very efficient simulations of long- 
chain alkanes. It is argued that the development of 
these techniques may allow simulations to  become an 
“engineering tool” for estimating properties of systems 
of industrial importance. 
11. Molecular Simulation Techniques 
Before describing these new Monte Carlo methods, it 
is instructive to consider the limitation of the conven- 
tional simulation techniques in some detail. Let us take 
as an example a topic of industrial importance: the 
adsorption of alkanes in zeolites. 
Zeolites are porous materials and are used as cata- 
lysts in petrochemical applications. A prerequisite for 
an understanding of the catalytic activity of these 
zeolites is a knowledge of the behavior of the molecules 
which are adsorbed in their pores. Since this type of 
information is extremely difficult to obtain experimen- 
tally, simulations are an attractive alternative (Thomas 
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(1992)). Indeed, over the last decade many simulation 
studies on the behavior of molecules in zeolites have 
been published (for a review see, for example, Catlow 
(1992)). A literature search on the systems that have 
been studied by simulations reveals that most of these 
studies concern the adsorption of noble gases or meth- 
ane. Only a few studies of ethane or propane have been 
published. These simulations give important funda- 
mental insights into the behavior of these molecules; 
however, from an industrial catalytic point of view the 
main interest is long-chain alkanes. The reason why 
only small molecules have been studied becomes clear 
from the work of June et al. (1992), in which molecular 
dynamics was used to investigate the diffusion of butane 
and hexane in the zeolite silicalite. June et al. showed 
that the diffusion of butane from one channel of the 
zeolite into another channel is very slow compared to  
diffusion of bulk butane. Consequently, many hours of 
supercomputer time were required to obtain reliable 
results. In addition, since the diffusion coefficient 
decreases significantly with increasing chain length, 
extrapolation of the results of June et al. suggests that 
many years of supercomputer time would be required 
to obtain comparable results for the longer alkanes. 
The above example illustrates the fundamental prob- 
lem of molecular dynamics, where in a simulation the 
approach is to  mimic the behavior of the molecules as 
accurately as possible. If successful, all properties will 
be like in nature, including the diffusion. If the 
molecules diffuse slowly, this will be reflected in very 
long simulation times, and in the case of long-chain 
alkanes, these simulation times were much longer than 
we can currently afford. In principle, one can circum- 
vent this intrinsically slow dynamics by using a Monte 
Carlo technique. In a Monte Carlo simulation one does 
not have to  follow the “nature1 path” and one can, for 
example, perform a move in which it is attempted to 
displace a molecule to a random position in the zeolite. 
If such a move is accepted, it corresponds to a very large 
jump in phase space. 
Again, utilization of such “unnatural” Monte Carlo 
moves turned out to be limited to small molecules. For 
example, Goodbody et al. (1991) have used such Monte 
Carlo moves to determine the adsorption isotherm of 
methane in silicalite. In such a simulation one can 
observe that out of the 1000 attempts to move a 
methane molecule to a random position in the zeolite, 
999 attempts will be rejected because the methane 
molecule overlaps with a zeolite atom. If we were to 
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Figure 1. Schematic drawing of the growing of an alkane in a 
zeolite in a configurational-bias Monte Carlo move. The shaded 
circles represent the atoms of the zeolite and the open circles those 
of the alkane. The set of k trial orientations {b,, bz, ..., br} are 
indicated hy arrows. 
perform a similar move with an ethane molecule, we 
would need on the order of 1000 x 1000 attempts to 
have one that was successful. Clearly, this random in- 
sertion scheme will break down for any but the smallest 
alkanes. 
To make Monte Carlo moves of long-chain molecules 
possible, Siepmann and Frenkel(1992) have developed 
the configurational-bias Monte Carlo technique for 
lattice models. This technique is based on the early 
work of Rosenbluth and Rosenbluth (1955) and Harris 
and Rice (1988). This technique has since been ex- 
tended to off-lattice systems by Frenkel et al. (1992) and 
de Pablo et al. (1992). 
The principle idea behind the configurational-bias 
Monte Carlo technique is to grow a molecule atom by 
atom instead of attempting to insert the entire molecule 
a t  random. Figure 1 shows one of the steps in this 
algorithm. Assume that i - 1 atoms have been grown 
and that we now attempt to insert atom i. We generate 
a set of k trial positions, denoted by the arrows bl, ..., 
ba. Out of these we select the one with the lowest 
energy with the highest probability; i.e., position i is 
selected with a probability 
exp[-LWb,)I 
P ( i )  = (1) 
exp[-flu(b,)l 
j=1 
where u denotes the energy of an atom. This equation 
ensures that conformations with a low energy have a 
high probability of being selected. The above procedure 
is repeated until the entire molecule has been grown. 
It is important to note that this growing procedure 
introduces a bias, such that only the most favorable 
configurations will be generated. If one were to use the 
ordinary Metropolis acceptance rule, such a bias in the 
configurations of the molecules would lead to an incor- 
rect distrihution of configurations. Frenkel et al. (1992) 
have shown that this bias can be corrected by adjusting 
the acceptance rules. 
It is not my purpose here to give an extensive 
discussion on the implementation of this algorithm as 
details can be found in Frenkel et al. (19921, de Pablo 
et al. (1992), Siepmann and McDonald (19931, Siepmann 
(1993), and Smit and Siepmann (1994a). It is, however, 
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Figure 2. Heats of adsorption of the alkanes in silicalite. The 
solid lines are linear fits to the data, which give a slope of 11 kJ/ 
mal per carbon atom for C4 to Cs and 13 kJImol per carbon atom 
for CS to Cu. The experimental data (denoted hy 01 are compiled 
from Abdul-Rehman et al. (19901, Dubinin et el. (1989). Hufion 
and Danner (19931, Stach et al. (19841, Stach et al. (19861, and 
Thamm (1987). 
instructive to discuss some of the advantages of this 
novel technique. First of all, it is important to note that 
this is a Monte Carlo technique and therefore cannot 
be used directly to determine transport properties. One 
may consider using the configurational-bias Monte 
Carlo technique to enhance the equilibration of the 
system, but to determine the transport properties, one 
has to do a molecular dynamics simulation. In many 
cases the interest is primarily in the thermodynamic 
properties, in which case the configurational-bias Monte 
Carlo technique can be extremely useful since it can be 
100 orders of magnitude (!) more efficient than the 
conventional techniques. In the next section, we dem- 
onstrate that this enormous increase in efficiency allows 
us to perform simulations that were considered impos- 
sible only a few years ago. 
In. Applications 
In the Introduction we used the adsorption of mol- 
ecules as an example to illustrate the type of problem 
one can encounter in simulating systems that exhibit 
slow diffusion. Smit and Siepmann (1994a,b) have used 
the configurational-bias Monte Carlo technique to study 
the energetics and siting of alkanes in the zeolites 
silicalite and mordenite. Figure 2 shows that the 
simulations predict heats of adsorption of the longer 
chain alkanes in silicalite that are in good agreement 
with the experimental data. I t  is interesting to note 
that the heats of adsorption show an unexpected chain 
length dependence. The heat of adsorption increases 
11 kJ/mol per CHz group for the short-chain alkanes, 
while for the long-chain alkanes a value of 13 kJ/mol 
per CHZ group has been obtained. Smit and Siepmann 
attributed this chain length dependence to a preferential 
siting of the long-chain alkanes in the linear channels 
of silicalite. This type of information on the behavior 
of the adsorbed molecules a t  a molecular level turned 
out to be extremely difficult to deduce from experimental 
data. 
Simulations can also be used to determine adsorption 
isotherms. Adsorption isotherms are of practical im- 
portance as they give information on the number of 
molecules adsorbed in the pores of a zeolite as a fimction 
of the pressure of the reservoir. Adsorption isotherms 
are conveniently determined from simulations in the 






Figure 3. Adsorption isotherms of butane. The closed symbols 
are experimental data [Abdul-Rehman et al. (1990), Richard and 
Rees (1987), Stach et al. (1986), Thamm (1982)l and the open 
symbols the results from simulations at  T = 298 K. 
grand-canonical ensemble. In this ensemble the tem- 
perature and chemical potential are imposed, but the 
number of particles is allowed to fluctuate. In Figure 
3 the experimental adsorption isotherms of butane in 
silicalite are compared with the results from simula- 
tions. The scatter in the experimental data illustrates 
that measurement of adsorption isotherms on well- 
defined silicalite samples is very difficult. The simula- 
tion data are in very good agreement with the experi- 
mental data. 
Another problem of practical importance for the 
petrochemical industry is the phase behavior of long- 
chain alkanes. Alkanes are thermally unstable above 
approximately 650 K, which makes experimental de- 
termination of the critical point of alkanes which are 
longer than decane extremely difficult. The longer 
alkanes, however, are present in mixtures. In these 
mixtures, the number of components can be so large that 
it is not practical to determine all phase diagrams 
experimentally. One therefore has to rely on predictions 
made by equations of state. The parameters of these 
equations of state are directly related to  the critical 
properties of the pure components. Therefore, the 
critical properties of the long-chain alkanes are of 
importance in the design of petrochemical processes, 
even if they are unstable close to the critical point. 
Unfortunately, experimental data are scarce and con- 
tradictory, and one has to rely on semiempirical meth- 
ods to  estimate the critical properties [Tsonopoulos 
(198711. Siepmann et al. (1993) and Smit et al. (1995) 
have used a combination of the Gibbs ensemble and 
configurational-bias Monte Carlo technique to simulate 
the phase behavior of the longer alkanes at conditions 
where experiments are not (yet) feasible. 
In the Gibbs-ensemble scheme, simulations of the 
liquid and vapour phases are carried out in parallel 
[Panagiotopoulos (1987), Panagiotopoulos et al. (19881, 
Smit et al. (198911. Monte Carlo rules, which allow for 
changes in the number of particles and the volume, 
ensure that the two boxes are in thermodynamic equi- 
librium. Since the two boxes are not in "physical 
contact", there is no interface and the bulk properties 
of the two coexisting phases can be obtained directly 
with a surprisingly small number of particles. This 
makes the Gibbs-ensemble scheme extremely efficient 
for phase equilibrium calculations. The major limitation 
of the Gibbs-ensemble technique used to be that one of 
the steps involves the exchange of particles between the 
two boxes. For liquids consisting of small molecules this 
does not cause serious problems. However, for chain 
molecules the probability of successful exchanges can 
become very small for similar reasons as discussed 
above for the adsorption of alkanes in zeolites. This 
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Figure 4. Critical temperature T, as a function of carbon number 
N,. A represents the simulation data and 0 the experimental data 
from Anselme et al. (1990) and Tsonopoulos and Tan (1993). 
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Figure 5. Critical density pc as a function of carbon number N,. 
A represents the simulation data, 0 the experimental data from 
Anselme et al. (1990), and 0 the data of Steele (as published in 
Tsonopoulos and Tan (1993)). 
problem can be resolved by using the configurational- 
bias Monte Carlo method [Mooij et al. (19921, Laso et 
al. (199213, the details of which are described by Smit 
et al. (1995). 
Figure 4 is a plot of the critical temperature versus 
carbon number. The simulations reproduce the experi- 
mental critical temperatures very well. There is, how- 
ever, considerable disagreement between the various 
experimental estimates of the critical densities. Much 
of our current knowledge of the critical properties of the 
higher alkanes is based on extrapolations of fits of the 
experimental data up to  Cg. The most widely used 
extrapolations assume that the critical density is a 
monotonically increasing function of the carbon number, 
approaching a limiting value for the very long alkanes 
[Tsonopoulos (1987), Tsonopoulos and Tan (199313. In 
contrast to these predictions based on extrapolations, 
the recent experimental data of Anselme et al. (1990) 
indicate that the critical density has a maximum for CS 
and then decreases monotonically. The data of Steele 
(as reported in Tsonopoulos and Tan (199311, however, 
do not give any evidence for such a maximum (see 
Figure 5). The simulations of Siepmann et al. indicate 
the same trend as that observed by Anselme et al. Since 
these calculations can also be performed for much longer 
alkanes, the results of Siepmann et al. strongly support 
those of Anselme et al. 
IV. Concluding Remarks 
Industrial applications of molecular simulations t o  
determine thermodynamic properties usually involve 
systems containing complex fluids. For this type of 
system, in particular for a system containing long-chain 
alkanes, the conventional simulation techniques are not 
sufficiently efficient. It has been shown that the 
recently developed configurational-bias Monte Carlo 
technique is particularly suited to simulate the ther- 
modynamic properties of these complex fluids. 
The use of the novel techniques is illustrated with two 
examples: the simulation of the adsorption of long-chain 
alkanes in zeolites and the phase behavior of long-chain 
alkanes a t  high temperatures. These examples dem- 
onstrate that simulations provide data under conditions 
where direct experiments are not currently feasible. 
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